INTRODUCTION
Gas turbine driven centrifugal and axial compressor trains are commonly found in the Oil, Natural Gas, Petroleum Refining and Petrochemical industries. Their applications include the production of plant and process air, process gas compression, gas reinjection for enhanced oil recovery and as pipeline boosters. The primary goal of this paper is to examine some of the causes of off-design performance in these applications and describe how operations and maintenance (O&M) personnel, through the use of electronic performance monitoring and diagnostic systems, can effect improvements in plant performance while reducing operating expenses.
Assuming that gas turbine compressor application sites are properly designed and constructed, and that the impact of changing environmental conditions on overall performance are understood, one can logically deduce that off-design site performance will be due to degradation of system components, gas path fouling, off-design process operation or some combinations of these factors. The challenges facing those responsible for the machinery are identification of the cause of off-design performance and selection of the proper and timely course of remedial action. Successfully meeting these challenges would result in improved production and reduced operations and maintenance costs.
One of the easiest performance degradation cases to understand is gas path fouling. For gas turbines, fouling of the air compressor is a common problem. Remedial action usually involves removal of deposits by water washing methods or by injecting relatively soft abrasives such as burnt walnut shells or burnt rice hulls into the inlet of the gas turbine compressor. While 10090 restoration of design performance is not always accomplished, periodic cleaning as described can result in worthwhile gains in ordinary operation without an extended outage of the machine. Figure 1 demonstrates, in general, how such a program effects performance. It should also be recognized that clogged air filters or damaged inlet silencing equipment can have a similar impact. 
Fig. 2 Performance Variations of Seven Identical Turbines
As an example of the value involved, consider a pipeline compressor station having seven recuperated gas turbine driven centrifugal compressor sets. Each machine train is of like design and rating. All are on a common suction and discharge header system. The process and fuel streams are both natural gas. The subject compressor station had been unable to deliver at design capacity even when new. The condition had steadily worsened and management suspected that for some reason the gas turbines were not performing as designed. Of the suspected causes, air compressor fouling was high on the list.
To demonstrate the importance of proper inlet filtration and air compressor maintenance, management requested a before and after performance test in conjunction with a filter element change and water washing of the gas turbine air compressors. Test procedures included precision data sampling and processing of the data via the industry standard AGA Benedict-Webb-Rubin Compression Energy Program -Mark C. Results of the demonstration project are presented in Figure 2 .
For pipeline conditions during the test, station throughput required 17 horsepower per million standard cubic feet of natural gas delivered daily (17 HP/MMSCFD). At that time (1970's), lets assume that station throughput was worth approximately $2 per thousand standard cubic feet (IVICF), making each 17 horsepower gained from the demonstration project worth $2,000/day. Machine #1 had a 454 HP increase, which under the described conditions, worth just under $53,500 daily. It is interesting to note that "identical" machines supposedly operating under "identical" operating conditions had different performance characteristics.
As stated earlier, the system was not able to meet design flow with all seven machines running while they were not able to do so afterward but they were able to generate much more revenue from operations. Even if the situation had been one where the compressor station was reaching design capacity, the activity would likely have resulted in the operators being able to remove the two or three least efficient units from operation after cleaning the compressors and replacing the air filters.
This paper also provides case studies where automated performance monitoring and diagnostic systems were designed and implemented in both petrochemical process air and offshore gas reinjection applications respectively. In both cases, the performance montoring systems are interfaced to control systems to effect optimized performance provide predictive maintenance capability.
Discussions of those projects will include generic descriptions of the gas turbine compressor system, generic descriptions of the data acquisition and control systems deployed and the underlying economics of each project. Those discussions will demonstrate that a new era has begun where supervisory control and data acquisition monitoring systems are utilized for automated diagnostics and control of all classes of process machinery including gas turbine driven compressor trains.
MONITORING AND DIAGNOSTICS FOR TURBINES AND COMPRESSORS
Monitoring and diagnostic systems for turbomachinery have gained increasing importance in the past few years (1) and (2) . Meaningful monitoring must involve an integration of both aerothermal and mechanical analysis. Mechanical analysis involves the monitoring of vibration and critical bearing temperatures.
The need for aerothermal analysis arises from the fact that while overall deterioration may be evident in a turbomachine, determining the specific component (or set of components) causing the deterioration may not always be possible without aerothermal analysis. Moreover, efficient operation of turbomachines is of utmost importance by virtue of the fuel cost dollar savings obtained by operating at the design efficiency point. Great financial savings can be obtained by operating turbines and compressors more efficiently. By reducing recycle flow, and by knowing exactly where the operating point is with respect to the surge line for each wheel, entire compressor trains can be operated more efficiently.
Aerothermal performance monitoring and analysis relates to the set of activities that include:
1. The monitoring of aerothermal parameters which would typically include pressures, flow rates, temperatures and rotational speeds at various points in the machine. The machine's auxiliaries such as seal and Tube oil systems are also monitored. Data is checked for validity and corrected for ambient conditions.
2.
Computational procedures involving these parameters. These could include thermodynamic gas path analysis, energy balance methods or other advanced techniques.
3.
The creation of efficiency and performance degradation reports and recommendations as to how efficiency may be enhanced as well as the creation of prognosis and/or diagnosis of incipeint failures. This is shown conceptually in Figure 3 . u. Liquid Entrainment in Fuel Gas.
Several of these problems result in efficient operation.
Aerothermal performance software has to be designed to provide indications of these problems. Additionally, aerothermal software has to take the following considerations into account:
Correction of Performance Parameters. Once a given set of performance parameters is selected, it is necessary for these to be adjusted to some predetermined set of conditions (such as ISO conditions of 60°F and 14.7 psia). The corrected parameters taken from a new and healthy machine often form an aerothermal baseline. Corrections can be made to any standard desired (ISO, NEMA, etc.).
Off-Design Operations. The software should be able to discriminate between performance decrements caused by off-design operation and performance degradation due to problems.
Problems in a gas turbine will often manifest themselves as aerothermal performance changes. These changes can be used as indicators of machine health and efficiency. Each station in a gas turbine gas path is thermodynamically and aerodynamically linked to other elements of the turbomachine making it possible to mathematically compute the Common aerothermal problem areas in gas turbine and load effect of changes of one or more parameters on others. compressor operations that can be diagnosed by aerothermal analysis and vibration analysis are:
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Fig. 5 Computer Generated Surge and HP Maps
Operating a gas turbine closer to its design efficiency can yield huge dollar savings. For example, on four gas turbine engines, each rated at 26,250 HP, each percent of reduction in heat rate is worth $299,104 (based on an original heat rate of 9,780 Btu/HPhr, fuel costs of $3.50/MM Btu and 95% utilization). A three percent improvement in average heat rate by performance monitoring on the four machines would result in fuel savings of $897,312 per year.
Causes of poor machinery performance can be narrowed down into two primary areas of interest-aerothermal and mechanical degradation of the system or process management and control. The case of the pipeline compressor station discussed above is an example of mechanical degradation in surface smoothness on the blades and vanes of the compressor compounded by degradation of the air filtration system capability to perform as designed.
Another example of the interrelationship between mechanical condition and aerothermal processes is the cumulative effects of turbine inlet temperature on the mechanical life of a "hot-gas-path" parts. Temperature excursions in excess of design inlet temperatures for gas turbines can have significant effect on remaining safe life of blades and vanes. The effects on aerothermal performance may actually be positive but the long term reliability of the machine will definitely be compromised.
Mechanical vibration is always a concern of the prudent operator of gas turbine driven compressors. Many operators base their maintenance scheduling, at least in part, on increasing vibration in their machines. Too often, however, the administrative overhead involved in gathering and processing vibration data slows down the process to a point where its availability does not match needs.
Sources of process management and control related losses include lack of knowledge by the machine operator concerning proper use, inadequate or erroneous information available to the operator for use in performance tuning under prevailing plant conditions or lack of execution by the operator due to task interference or other human limitations. One of the most frequent causes of off-design performance in centrifugal compressors is fear of surge and lack of information that will allow the operator to supervise the compressor near enough to surge (to minimize recirculation), yet far enough away for safety.
To emphasize the foregoing point, consider the system illustrated in Figure 4 . The application involves the use of a single-shaft gas turbine driving a two case air compressor arrangement. As a result of turndowns in plant production, excessive and wasteful venting of process air rather than a reduction in speed was practiced. The reason was that the operator had no way of knowing where the machine was currently operating with respect to surge during these so called production turndowns. All performance curves were out of range. To further complicate the issue, there was a possibility of the onset of stall in the gas turbines axial compressor when operated at reduced speed.
To correct the situation, the following course of action was chosen. A study was completed to accurately describe both turbine and process compressor performance characteristics at reduced speeds. Figure 5 shows an overall performance horsepower map. Secondly, a new electronic governoring and compressor management system was defined and orders placed. The study revealed that with adequate performance monitoring and control, in excess of $600,000/yr in fuel savings were attainable. Figure 6 is a schematic representation of the system to be implemented to solve the problem. When operating multiple turbine-compressor trains as in the pipeline case, online performance monitoring can allow either manual load allocation or the process can be automated as in the process air compression case to minimize fuel costs. In the case of a gas injection platform, the question becomes how should flow be allocated between machines to minimize fuel costs? This is shown schematically in Figure 7 . Figure 8 shows a platform where an online system will be monitoring, analyzing and optimizing in addition to conducting diagnosis and prognosis. The platform consists of four compressors in parallel, each capable of discharging into a high or low pressure header. Individual trains are as shown in Figure 9 .
With a change in demand (flow), N2 speeds on the turbines are adjusted optimally. The overall optimization modules are shown in Figure 10 . The performance map/generation and costing module interfaces with the data acquisition system and yields online maps of fuel flow vs. throughput, etc. This data is then used for optimization. The optimization is conducted using the technique of Lagrangian multipliers in which attempts are made to operate the units at equal incremental costs while satisfying the constraint that the sum of individual flows equals the demand flow.
Mechanical degradation of a gas turbine driven compressor train begins at commissioning and continues until management chooses to remove the system from service for maintenance. Due to the interrelationship of mechanical condition and thermal performance, continuous monitoring and interrelational analysis of both mechanical and aerothermal process variables can lead to early diagnosis of faults and strategically planned corrective maintenance outages. In review, to adequately monitor the overall performance of a gas turbine driven compressor train, both aerothermal and mechanical parameters should be monitored. Additionally, as illustrated Figure 11 , key status signals like yard valve limit switches, trip relays and sequential relays should also be monitored. By doing so, an unscheduled trip cause can quickly be isolated by review of all events leading up to the trip and the exact sequence of events that initiated the trip. SYSTEM DIAGRAM Being a computer based system, the performance monitoring system in Figure 11 can also create graphical and descrete displays of live (real-time) operating data, turbine and compressor performance maps, vibration signal .vs. time, frequency, process mimic diagrams and trend plots with predictions as illustrated in Figure 12 .
